Incomplete particles arising during productive growth of adenovirus were separated from infectious particles by density gradient centrifugation. The DNA contained in particles of low density was characterized by restriction enzyme analysis and by electron microscopy and heteroduplexing techniques. The DNA is heterogeneous in length, ranging in size from 15% of the normal genome to full length. Many individual molecules contain long, inverted terminal repetitions, which consist of the sequences extending from the normal left-hand end of the viral genome inward; the normal right end sequences appear to be missing from these molecules. The region of the genome reiterated in these molecules is that which has been implicated in transformation of rat cells by adenovirus (Gallimore, Sharp, and Sambrook, 1974; Graham, van der Eb, and Heijneker, 1974) . A model for adenovirus replication is presented that accounts for the aberrant structures observed.
"Defective" or "incomplete" virus particles have been described in preparations of both DNA-and RNA-containing animal viruses (12, 30, 42) . These particles, which often contain incomplete genomes, may be physically separable from complete virions on the basis of density differences. Noninfectious themselves, they sometimes interfere with the replication of normal virus particles. For this reason it has been suggested that defective particles may play an important role in limiting the course of virus-induced diseases (12) .
Particles that band in isopycnic cesium chloride gradients at lower densities than complete virions have been described in preparations of several human adenoviruses, including serotypes 2 (15, 23, 28) , 12 (16, 23) , 3 (22) , and 16 (40) . The factors that influence the production of these particles are unknown, but it has been observed that the yield of at least some classes of defective virions can be increased by serial passage of adenovirus stocks at high multiplicity (16) . It is also clear, at least in the case of adenovirus 2 (Ad2), that incomplete particles are not degradation products of complete virions (28) . The yield of incomplete virus particles and their banding patterns after equilibrium centrifugation in cesium chloride density gradients varies from serotype to serotype and is quite distinctive. For example, 30% of the particles synthesized by cells infected by Ad3 are defective and band in two closely spaced positions after equilibrium centrifugation (22) . By contrast, preparations of Ad2 and Adl2 com-I Present address: Department of Molecular Biology, University of California, Berkeley, Calif. 94720. monly contain several species of defective particles (28) in very low yield.
Many species of defective adenovirus particles seem to contain no DNA at all; others contain very little. Prage et al. (22) have shown that DNA extracted from the predominant species of incomplete particles of Ad3 is of a molecular weight of 3.5 x 106-about 15% of the mass of the full-length viral genome. To account for this size and for the total quantity of DNA present, it is necessary to postulate that 80% of the defective particles in the preparation are empty, the remaining 20% containing DNA. Burlingham et al. (1) have reported that there is a correlation between the position at which defective particles of Ad2 and Adl2 band in isopycnic gradients and the size of DNA that they contain: longer DNA molecules are enclosed in denser particles. Little or no host DNA has been detected in incomplete particles.
The present paper concerns the structure of the DNA molecules isolated from defective particles of human adenovirus serotypes 2 and 3. Screening of several other serotypes by the methods used in the study of these two indicates that these data are generally applicable to other serotypes. The results, which reveal duplications in some defective molecules of part of the normal genome, are relevant to the transforming capability of the incomplete particles and to the pattern of adenovirus DNA replication.
MATERIALS AND METHODS
Virus particle purification. All serotypes of adenovirus were grown in KB or HeLa cells in suspension culture as described by Pettersson and Sam- 686 DANIELL brook (21) Viral DNA purification and radioactive labeling. Unlabeled DNAs were prepared from purified complete and incomplete virus particles as described by Pettersson and Sambrook (21) . To obtain DNA from incomplete particles at a concentration suitable for analysis by restriction enzymes, it was necessary to concentrate the DNA by precipitation with ethanol. DNA used for electron microscope analysis involving denaturation was not precipitated. 32P-labeled DNA was prepared by labeling in vivo as previously described (7) or by the method of nick translation (Berg, personal communication). DNA polymerase I was purchased from Boehringer Mannheim Corp. To establish that labeling by this technique was uniform, the distributions of radioactivity in restriction fragments of in vivo labeled Ad2 DNA and Ad3 DNA from complete particles were compared with corresponding nick-translated samples of DNA. The distributions were identical in several independent experiments.
End labeling of DNA. Ad2 and Ad3 DNA were end labeled as described by Roberts et al. (25) . DNA polymerase isolated from avian myeloblastosis virus was the gift of Walter Keller, as were some of the end-labeled preparations. Specific labeling of the first dGMP residue inward from the 3'-termini of adenovirus DNA molecules was performed by T4 polymerase-promoted exchange of one triphosphate as described by Englund (5) and Steenbergh et al. (36) , except that a concentration of 25 AM a-
[32P]dGTP was used. Unincorporated GTP was removed by passage through a G-50 Sephadex colunm, and the DNA was precipitated with two volumes of ethanol. Nearest-neighbor analysis and chromatography were described by Steenbergh et al. (36) .
Restricting endonucleases and restriction maps. The restricting endonucleases used in this study have been described (25, 29) . Various preparations used in the course of the work were gifts from Ronni Greene or Richard Roberts; others were prepared in collaboration with fellow workers in the James Laboratory at Cold Spring Harbor. The location of restriction sites in Ad2 DNA has been described (Mulder and Greene, unpublished data) and is used as quoted elsewhere (29) . The assignment of fragments to a physical map in Ad3 is only partially complete and is being performed by techniques similar to those described for Ad2. To roughly position small unmapped fragments produced by Sma I and Hind III digestion of Ad3 DNA, the in situ hybridization technique of Southern (35) proved useful. After gel electrophoresis of a given digest, the DNA was denatured in the gel and transferred to nitrocellulose filters by blotting. Radioactive DNA of specific large fragments (i.e., Sal I: A, B, and C of Ad3; see Fig. 11 ) was used as a probe. Hybridizations were carried out at 650C in 6x SSC (SSC = 0.15 M sodium chloride plus 0.015 M sodium citrate, pH 7.0) containing Denhardt solution (4), and the filters were washed with several changes of 2 x SSC before drying and autoradiography.
Gel electrophoresis, isolation of DNA from gels, quantitation of DNA, and autoradiography. Samples were analyzed by gel electrophoresis in E buffer (33) through 1.4 or 0.7% agarose gels, depending VOL. 19, 1976 mide per ml and photographed under UV illumination (33) . Alternatively, small amounts of 32P-labeled DNA of incomplete particles were mixed with unlabeled DNA extracted from complete virions. After electrophoresis, bands of unlabeled DNA were located by UV illumination and those of labeled DNA were located by autoradiography. This method not only facilitated interpretation of autoradiographs but also provided a means to check that digestion with restriction enzymes was complete. To quantitate the DNA in specific restriction fragments, gels were sliced into 1-mm slices and the slices were counted by Cerenkov radiation; alternatively, the visible fluorescent bands of DNA were cut from gels and counted.
DNA was recovered from gels by dissolving the gel slice in sodium perchlorate (two to five times the gel volume at 60°C for 0.5 h.) The dissolved gel and DNA (6) were passed through an hydroxylapatite column at 60°C (34) . The column was washed with several column volumes of 5 M perchlorate to remove agarose and with 0.14 M phosphate to remove perchlorate. The DNA eluting in 0.4 M phosphate buffer was detected by Cerenkov counting and dialyzed against several changes of 0.01 M Tris (pH 8.5)-0.002 M EDTA; it was then precipitated by ethanol, resuspended in an appropriate buffer, and used for further manipulations.
Electron microscopy. Heteroduplex analysis and mounting of DNA for electron microscopy were performed essentially as described by Davis et al. (3) . For length measurements, native DNA was spread in ammonium acetate. When single-stranded regions were important, the formamide technique was used. DNA from plaque-purified simian virus 40, a gift from Walter Keller, was used as a molecular weight standard. Grids were examined in a Phillips 201, and micrographs were taken on Kodak electron microscope film (KP6230-A) at magnification of x 5,000 to 1,000. Measurements were performed on a Numonics graphics calculator.
Reannealing analysis of DNA. The conditions used for hybridization of adenovirus DNA in liquid have been described (7) .
Preparation of DNA protein complexes from virions. Intact, purified, complete and incomplete adenovirus particles were treated with guanidine hydrochloride as described by Robinson et al. (27) . In my hands, the maximum percentage of DNA molecules in circular form upon electron microscope visualization was seen when the DNA was spread directly after the chloroform isoamyl alcohol extraction, without dialysis; this shortened procedure was, therefore, followed when only electron microscope examination was desired.
RESULTS
Purification of incomplete particles of Ad2 and Ad3. Figure 1 shows the result of centrifuging Ad2 particles to equilibrium in CsCl gradients. The total yield of virus extracted from 2.5 liters of infected cells was fractionated into two pools by centrifugation through CsCl step gradients. One pool ("V") contained complete INCOMPLETE ADENOVIRUS GENOMES 687 virions; the other contained defective particles of lesser density ("D"). Each pool was centrifuged to equilibrium in self-forming CsCl gradients ( Fig. 1, left) . About 4 to 5% of the total yield was found to consist of particles whose density is less than that of complete virions-a result in agreement with that reported by Burlingham et al. (1) . Material banding between the two distinct bands of virus particles in pool "D" was collected from three tubes identical to that shown in Fig. 1 (left) and again centrifuged to equilibrium. Figure 1 (right) shows that bands of virus particles become visible in intermediate positions after the material is thus concentrated. Figure 2 shows the banding pattern of Ad3 particles after centrifugation to equilibrium in CsCl density gradients. The material in the left tube ("V + M") was obtained after centrifugation of Ad3 particles through a CsCl step gradient, by collecting the lower half of the region in which two dominant bands were seen; it consists of complete virions and several species of virus particles that band at lower density. The material in the right tube ("D") was collected from the upper band of Ad3 particles; it consists mainly of empty and defective particles. The total yield of incomplete particles is much greater in preparations of Ad3 than in preparations of Ad2; typically more than onethird of the total virus particles resulting from Ad3 infection band in equilibrium gradients at the two positions labeled "empty" and "D" in Fig. 2 . For reasons that are not clear, the yield of particles from the region of the equilibrium gradient between the complete virions and the major band of defective particles (Ml + M2 in Fig. 2 ) has varied from preparation to preparation of Ad3. An increase in the amount of material in this region appears to be accompanied by a decrease in the amount of material in the upper band ("D"). Table 1 summarizes the distribution of particles in Ad2 and Ad3 preparations. In the remainder of this text and figures, reference will be made to complete virion (V) and defective or incomplete particles (D), except where further subfractionation of incomplete particles is desired and explained. DNA extracted from these classes of particles is labeled accordingly.
Incomplete particles arising after plaque purification: failure to interfere with complete virus production. In an effort to obtain virus stocks with different distributions of defective particles, complete virus purified by several cycles of density gradient centrifugation was used to form plaques on monolayers of HeLa cells. Well-separated single plaques were picked and used to infect monolayers of HeLa or KB cells at a multiplicity of less than 0.01 PFU/ cell. The virus that was extracted from those cells 36 to 48 h after infection gave banding patterns in CsCl gradients that were qualitatively identical to those in Fig. 1 (Ad2) and 2 (Ad3). The band of complete particles was collected from the gradients, dialyzed, and used to infect cells in suspension at a low multiplicity (0.01 PFU/cell). One additional density gradient purification, followed by a single cycle of growth at a low multiplicity, yielded sufficient amounts of incomplete particles for studies of extracted DNA (see below).
Because of the existence of defective interfering particles in many animal virus systems (12) , it was of interest to see whether adenovirus incomplete particles could interfere with the growth of complete virus. Therefore, a constant amount of purified complete virus (1 PFU/cell) and increasing amounts of incomplete particles (up to 1,000 particles/cell) were used to infect permissive cells. No reduction in yield of Ad2 (measured in PFU produced in one cycle of virus growth) was detected, although the relative concentration of incomplete particles in the innocula was greater by as much as two orders of magnitude than that in naturally occurring stocks of Ad2. Furthermore, when an artificial mixture of particles consisting of a 10,000-fold excess of incomplete particles over complete particles was used to infect cells, there was no detectable increase in the relative yield of incomplete particles. It is thus apparent that incomplete particles of adenovirus arise from infection by complete particles at low or high multiplicity and that incomplete particles do not interfere strikingly with virus growth.
DNA from incomplete particles. When incomplete particles of Ad2 or Ad3 are collected from CsCl equilibrium gradients in several small fractions and the DNA is extracted separately from each, most of the DNA is obtained from particles banding below the most prominent band of defective virions. Thus, 90% Ad3 is found in regions Ml and M2 and 10% is present in band D, whereas the virus band labeled "empty" yields virtually no DNA (Fig.  2) . The ratio of optical density ofparticles at 260 nm to that at 280 nm decreases as their buoyant density decreases (Table 1) , a result that is consistent with a reduced average amount of DNA per particle.
The electrophoretic mobility of DNA extracted from purified incomplete particles of Ad2 and Ad3 is shown in Fig. 3 . Electrophoresis through 0.7% agarose gel reveals that the DNA VOL. 19, 1976 a Adenovirus particles of different densities were fractionated as described in the text and in the legends to Fig. 1 and 2 . The total number of particles in each fraction was estimated from particle counts performed with an electron microscope, and the infectivity was determined by plaque assay on monolayers of HeLa cells.
b OD260, Optical density at 260 nm; OD280,, optical density at 280 nm. is heterogeneous, ranging in length from 15% of the total genome to full size. The length distributions of DNA molecules obtained from virions of the two serotypes is different, but each is constant in its notable features from preparation to preparation. A major class of DNA molecules in defective Ad3 particles is longer than 60% of the total genome, and 10 to 15 bands of greater mobility can be discerned. On the other hand, in Ad2 incomplete particles there is very little DNA greater than 50% of total genome length, and the major size class is between 30 and 40% of the genome length (Table 2 ). Figure 4 shows the size distribution of DNA extracted from two pools of Ad3 incomplete particles of different density (Ml + M2 of Fig. 2 (Fig. 5) ; in the case of DNA obtained from defective particles of Adl2, Hind III fragments G and I are especially prominent (Fig.   7 ). Many fragments found in the digests of complete Ad3 DNA cannot be detected in digests of DNA of incomplete particles; in such digests, only fragments I, J, and E can be identified (Fig. 6 ).
This bias towards certain restriction fragments is not confined to the products of digestion of endonuclease Hind III. The rightmost slot in Fig. 3 shows the electrophoretic pattern obtained when radioactive DNA extracted from defective Ad2 particles is digested with Bam I, an enzyme that cleaves complete Ad2 DNA into four fairly large fragments. In this gel, the band of DNA that comigrates with fragment B is clearly predominant. Fragments A, C, and D are present in only very small amounts in the DNA isolated from defective particles. Figure 8 shows a comparison of the radioactivity in different restriction fragments after digestion of 32P-labeled defective and complete Ad3 DNAs. Fragments C, D, and G, isolated from defective viral DNA, contain disproportionately more radioactivity than the other restriction fragments. Inspection of the restriction maps of these serotypes ( Fig. 9, Ad2; Fig. 10 , Ad3) reveals that the overrepresented fragments come from a specific end of the normal genome. The same end of Ad2 or ofAd3 DNA was in excess in 10 or more preparations of DNA originating from defective particles isolated from at least three separate plaque-purified virus stocks. Interestingly, the segment of the viral genome that is overrepresented in defective particles of Ad2 is that which has been shown to carry transforming activity and which is present in transformed cells (7, 10) . Table 3 shows the distribution of radioactivity in the restriction fragments of DNA that results from digestion of complete Ad2 DNA and ofAd2 defective DNA by endonuclease Sma I. The ratio between representation of a fragment in the digest of defective DNA and its representation in the digest of complete DNA is a measure of the molar yield of the fragment.
VOL. 19, 1976 on October 18, 2017 by guest http://jvi.asm.org/ Fig. 1 and 2 were included.) The DNA was photographed and measured as described in the text (electron microscopy). All molecules in a given field, except those too tangled to measure (<5%), were scored.
b Full length.
This type of analysis shows that there is a gradient in molar yield offragments from left to right along the adenovirus genome as it is conventionally drawn. In this preparation, fragment Sma J, the leftmost fragment, contains more than twice the radioactivity that would be predicted from its size. Internal fragments (I, D, and H, for example) are present in as little as half the normal yield. The apparent increase in yield of fragments that map at the extreme right end of the viral DNA (fragment K) has been observed in some but not all preparations (for example, note the appearance of Hin K in the center slot of Fig. 5 ).
Restriction analysis after prefractionation of size classes of DNA. Figure 11 shows the electrophoretic pattern resulting from Sma I digestion of the DNA of two subclasses of incomplete particles of Ad3, Ml and M2 (see Fig.   2 and 4) . Only the leftmost fragment, Sma D, and the adjacent fragment, Sma G, are discernible in DNA of class M2 (the bulk of which is less than 45% of intact Ad3 DNA in length). DNA of class Ml, which in general is greater than 45% of Ad3 DNA in length, shows a larger amount of some internal fragments (note particularly the large amount of fragment A).
To see in more detail how the length of defective DNA correlates with the restriction fragments that it contains, purified defective DNA was fractionated on the basis of size and then the DNA of the various size classes was restricted. For such experiments, it was convenient to label DNA with 32p and perform restriction analysis by autoradiography. Because yields of defective particles labeled in vivo were small, DNA purified from unlabeled defective particles was labeled in vitro by the method of nick translation. Comparison of Fig. 11 4 . Gel electrophoresis ofDNA extracted from defective Ad3 particles of different densities. Fractions Ml and M2 were isolated from gradients of defective particles of Ad3 (see Fig. 2 ). DNA was extracted as described in the text and analyzed by gel electrophoresis in the manner described in the legend to Fig. 3. question. Thus, fraction I DNA (which consists of the largest molecules of defective DNA) yields all of the fragments that are characteristic of complete Ad2 DNA after digestion with Sma I; fraction 3 DNA lacks at least fragments G and C; fraction 4 DNA lacks at least fragments G, C, A, H, and I; fraction 5 (Fig. 13) . Figure  14 shows the restriction patterns of sized defective DNA Fig. 14) , a series of bands appears that migrates faster than Sma C. These may arise because molecules terminate at preferential points within Sma B. Such bands probably would be obscured by fragment D in a digest of total defective DNA-an interpretation that is consistent with the generally high background (material not in discrete bands) seen upon restriction analysis of total defective DNAs (see Fig. 8 ).
When Ad3 defective DNA is fractionated by size and then restricted, the results obtained cannot be explained by a simple model that describes defective molecules as fragments of the normal genome. As in the case of Ad2 defective DNA, there is a predominance of fragments from the left-hand end of the viral DNA. More significant, however, is the fact that all sizes of Ad3 defective DNA show a similar bias. Indeed, when full-length DNA isolated from incomplete particles was digested by Sma I, a slight excess of fragment D over C and G over F was detectable (data not shown). To explain these results, individual molecules must be supposed to contain more than one copy of the left-hand end of the normal genome.
Electron microscopy: unusual heteroduplex structures in defective DNA. When DNA from complete adenovirus particles is denatured and allowed to reanneal at very low concentrations, single-stranded circles form as the result of base pairing between inverted homologous sequences at the ends of the DNA (9, 25, 41) . In general, this inverted repetition is too short for the double-stranded region to be seen in the electron microscope. However, Garon et al. (9) have reported single-stranded circles that contain visible projections in preparations of Adl8 DNA. When Ad2 or Ad3 DNA molecules extracted from incomplete particles are denatured and allowed to renature for a short time at a low concentration (<1 ,ug/ml), conditions favoring intramolecular reannealing, a significant proportion of the molecules appear as singlestrand circles with long double-stranded projections (panhandles). Figure 15 shows electron micrographs of such structures. Figure 16 shows schematic drawings of the array of sequence arrangements in native molecules, which would explain the intramolecular duplexes observed. The ratio of panhandle length to the length of the single-stranded loop from which it projects varies from molecule to molecule over the whole range of possibilities: single-stranded circles without visible projections are formed by DNA of all size classes, and VOL. 19, 1976 INCOMPLETE ADENOVIRUS GENOMES 695 with endonuclease Sma I. The samples were loaded onto the slots of a 1.4% agarose slab gel and subjected to electrophoresis as described in the legend to Fig. 6 . The gel was stained with ethidium bromide and photographed under UV light to assure that digestion was complete. The two slots were then sliced into 2-mm slices. The slice number ofeach visible band was recorded and the radioactivity of the slices was measured as Cerenkov radiation. The graph compares the two samples. Fragment labels correspond to the visible bands (which coincided exactly with peaks of radioactivity from virion DNA). 32P-labeled DNA from Ad2 virions and from "band 2" (see Fig. 1 , right) of lesser density particles was mixed with unlabeled DNA from complete virions, digested with restriction endonuclease Sma I, and subjected to gel electrophoresis as described in the text. Visible fluorescent bands were cut from the gel and counted by Cerenkov radiation. Counts were corrected for background (counts in regions between visible bands). The ratio between measurements for defective DNA and virion DNA represents the molar yield of a given fragment.
completely double-stranded molecules, which are presumed to be the other limiting case (loop size too small to be resolved), are also present. As many as 25% of the molecules in preparations of DNA from Ad2 incomplete particles and as many as 55% of the DNA molecules in Ad3 preparations form single-strand circles or structures with panhandles. The remainder of the molecules appear as single-stranded linear molecules or as complicated, partly doublestranded structures. Parallel preparations of DNA from complete particles of Ad2 and Ad3 typically yield 30 to 40% single-stranded circles; no visible panhandles have been seen in these preparations.
When renaturation of defective DNA is carried out at higher concentrations (5 to 10 ,g/ ml), a variety of complicated structures is seen, all of which can be explained by intermolecular annealing among partially homologous molecules of different total length or containing terminal repetitions of different lengths. The simplest of these structures are shown in Fig. 17 ; the schematic drawings in the lower half of Fig.  16 indicate how duplexes between aberrant molecules could yield the structures observed.
Some of the DNA molecules that are extracted from incomplete particles contain duplications over extended regions of the genome. Although these results do not exclude the possibility that some molecules contain more complex sequence arrangements, they show that a significant proportion of the DNA molecules extracted from incomplete particles contain simple sequence duplications of extended regions of the viral genome. The two copies of the duplicated region in any one molecule are inverted with respect to one another. These duplications extend to the ends of the molecule in question and have a unique region between them.
Sequence and structure at the ends of adenovirus defective molecules. The existence of intramolecular duplexes described above suggests that most of the defective DNA molecules might contain at their ends inverted sequences identical to these present in complete adenovirus genomes (25) . A stretch of DNA approximately 100 nucleotides long at the molecular ends of complete DNA and of defective DNA of serotypes 2 and 3 was specifically labeled with 32P (see above). Figures 18 and 19 show the distribution of the radioactivity after restriction analysis of this end-labeled DNA. When an endonuclease that generates from complete DNA two end-labeled fragments of different sizes was used to analyze incomplete DNA, the only distinct band of end label appears in the normal left-hand fragment. This is the result expected if the right terminus of the defective molecules is attached to a variety of normal internal fragments.
When an enzyme (such as Hha I for Ad2 [25] ) that has a restriction site within the normal inverted terminal repetition was used to digest end-labeled defective DNA, most of the radioactivity appeared in one fragment. This result is consistent with the idea that each of the aberrant molecules might contain all or part of the normal inverted repeat sequence at its right end as well as at the left end. To test this hypothesis, partial sequence information was obtained on the DNA of Ad3 incomplete particles by the following procedure. A single dGMP residue near each 3'-terminus was specifically labeled with 32P (see above) and subjected to nearest-neighbor analysis. The results are shown in Table 4 .
The distribution of radioactivity is the same in the DNA from defective particles as in the DNA from complete virions. The residue adjacent to the incorporated labeled dGMP is dAMP. If the sequence at the variable end of Ad3 defective DNA molecules were random, greater amounts of radioactivity would be ex- Restriction endonuclease analysis of defective DNA of Ad3. DNA prepared from complete (V) particles and two classes of incomplete particles (Ml and M2) were digested with endonuclease Sma I and analyzed by gel electrophoresis as described in the legend to Fig. 6. pected in the other three deoxyribonucleotides. Repetition of this experiment using [32P]dATP also yielded a distribution of radioactivity in the nucleotides from defective DNA which was identical to that in virion DNA.
These results support the idea that most of the defective DNA molecules contain a short sequence at the "right" (variable) end which is identical to that at the "left" (constant) end.
Circular DNA-protein complexes. Circular DNA-protein complexes have been isolated from complete virions by Robinson and coworkers (27) . Gentle disruption of complete virions (without use of Pronase) yields doublestranded DNA that is held in a circular conformation by a protein moiety. When DNA was extracted from incomplete particles by this technique, double-stranded circles were observed; some of these are shown in Fig. 20 . The distribution of contour lengths was the same as the length distribution of defective DNA molecules extracted by Pronase (see Table 3 ). These results suggest that the short defective molecules are associated with protein in the viral core in the same way as are complete molecules. Restriction endonuclease analysis of defective and complete DNA ofAd3 labeled in vitro by nick translation. DNA was prepared from complete and defective particles ofAd3 and labeled in vitro by nick translation as described in the text. The labeled DNA was digested with endonuclease Sma I and analyzed by gel electrophoresis as described in the legend to Fig. 6 The unusual arrangement of viral-specific sequences in the DNA extracted from incomplete particles of Ad2 and Ad3 suggests that these molecules may have been generated by errors in DNA replication. The mechanism of adenovirus DNA replication is not fully understood. Large amounts of single-stranded material have been detected in replicative intermediates by several investigators (11, 14, 19, 20, 39) ; this material has been reported to consist primarily of sequences from one DNA strand (37) or to contain equal amounts of both (14; Pettersson, personal communication). Horowitz (11) has presented evidence that both ends of the DNA molecule serve as replication origins; Tolun and Pettersson (38) and Schilling et al. (32) have found that replication may terminate at either end of the molecule. Most investigators agree that there is extensive strand displacement during adenovirus DNA synthesis, although one group of investigators reports that only short single-strand regions exist in replicative intermediates of Ad2 DNA (26) .
The existence of the aberrant DNA molecules described in this paper can be explained by at least two models that incorporate these features of viral replication. A model of abortive replication originally proposed to explain inverted duplications in Xdv and in polyoma virus (2, 24) could be adapted to adenovirus replication. In this scheme, the growing point of the newly replicated strand crosses the replication fork and changes direction. The extent of the duplication in the resulting molecules and the length of unique sequence between them de-J. VIROL. 
FIG. 16. Schematic drawing illustrating how denaturation of double-stranded adenovirus defective DNA molecules ofaberrant sequence arrangement could give rise to the intramolecular structures illustrated in the micrographs ofFig. 15 and to the more complex intermolecular duplexes ofFig. 20. In each case, the unit x (or x') at the ends of molecules represents the normal inverted terminal repetition, which forms a "panhandle" structure too small to be seen in the electron microscope. It is assumed that all defective molecules contain at least part of this repetition. Note that in the extreme cases several of the structures become indistinguishable from one another. Thus, if the region of homology at the right end ofstructure i + iii is too short to visualize, then like molecules will be indistinguishable from those showing intramolecular "panhandle" structures, and base pairing between the homologous ends ofthe single-stranded tails in i + ii + v is possible and would result in an apparent deletion loop. (Fig. 2) was labeled with a- [32P]dGTP, the DNA was isolated, and the identity of the bases adjacent to the incorporated GMP label was determined as described in the text. All of the counts loaded onto the chromatograph were recovered in the four spots.
the adenovirus genome, and one of the parental strands is eventually completely displaced by the newly synthesized strand of DNA. The ends i ---F of the liberated DNA strand then hybridize with each other, in a manner analogous to that described for purified single-stranded adenovi-G rus DNA in vitro. The resulting DNA molecule (8, 41) contains a double-stranded region, which, being identical to a normal end of the complete viral genome, serves as an initiation site for a cycle of replication that yields a second intact double-stranded viral genome.
The defective genomes observed may be explained if it is assumed that breaks may occur in the displaced single strands of DNA. The resulting truncated molecules are unable to reform panhandle structures of the regular kind, -H but they may undergo some sort of illegitimate base pairing that enables them to serve as their own primer-templates. After completion of the round of "repair" synthesis, the molecule again contains a double-stranded end that is identical to that of normal viral DNA; it is, therefore, used as a template for a round of DNA synthesis that yields a viral genome whose structure is identical to those isolated from defective virus particles.
The large variety of sites at which singlestrand breaks may occur and the variability in the position of the sequences at which illegitimate base pairing may occur account for the heterogeneous nature of incomplete genomes. In theory, defective molecules generated in this FIG. 19 . Restriction endonuclease analysis ofend-way could have a total length up to two times labeled DNA of defective Ad3 particles. Ad3 DNA tat of he normalgenome an co contin extracted from incomplete (D) and from complete (V) particles was end labeled, digested with endonucle-duplicated sequences from either end of the ase Sma I, and analyzed as described in the legend to normal map. In practice, however, no DNA Fig. 18 (Fig. 21) is correct, that the pool of one of the single strands of adenovirus DNA is larger than that of the other. Whatever the mechanism, it is important to remember that the bias in favor of left-end sequences is not absolute; in some preparations there was evidence that the sequences of the right end of the viral genome were slightly overrepresented as compared with those of the middle of the genome (see, for examples, Fig. 5 and Table 1 ). In all cases, however, the quantity of left-hand sequences greatly exceeded that of the right. Finally, the predominance of certain size classes of DNA may be explained either by packaging restrictions or by preferential sites for nicking and base pairing during abortive replication.
The biological function of incomplete adenovirus particles is not known. It has been suggested (30) that defective viral genomes may, in general, be the effective transforming molecules in virus systems. In the case of adenovirus, the transforming activity of Adl2 and that of simian Ad7 does not decrease concomitantly with infectivity in pools of low-density particles
